ABSTRACT
INTRODUCTION 54
The two most commonly used modes of exercise in research and clinical settings are the 55 treadmill and cycle ergometer (American Thoracic and American College of Chest 2003). In the 56 exercise training and/or rehabilitation setting, it is generally accepted that most individuals prefer 57 to exercise on a treadmill than on a cycle ergometer. Indeed, Cumming (1977) reported that 73% 58 of 305 normal males aged 42-70 yrs indicated preference for treadmill walking/running over 59 cycle ergometry in part because it was felt to be less fatiguing on the legs. Over the past 45 60 years, many studies have sought to identify differences (and similarities) in the acute 61 physiological response to treadmill and cycle ergometer exercise testing. The best-known 62 difference between these modalities is in the maximal rate of O 2 consumption (V O 2max ), which is 63 up to 20% higher when exercise testing is performed on a treadmill vs. cycle ergometer in both 64 health and disease (Achten et al. 2003; Ciavaglia et al. 2014b; Faulkner et al. 1971; Hermansen 65 et al. 1970; Hermansen and Saltin 1969; Jacobs and Sjodin 1985; Kalsas and Thorsen 2009; Kim 66 et al. 1999; Matsui et al. 1978; Miles et al. 1980; Miyamura and Honda 1972; Okita et al. 1998 ; 67 D r a f t MUSCAT et al. Exercise responses to treadmill vs. cycle ergometry
While the influence of exercise mode on maximal physiological responses is now well 77 established, only a few studies have examined the influence of modality on physiological and 78 perceptual responses at standardized submaximal exercise intensities. With few exceptions, 79 these studies have found that carbohydrate oxidation rates, blood lactate concentrations, the 80 respiratory exchange ratio (RER) and the ventilatory equivalent for O 2 (V E /V O 2 ) are lower, 81 while intensity ratings of breathing and leg discomfort are not different at equivalent submaximal 82 exercise intensities during treadmill vs. cycle ergometry (Duke et al. 2014; Hermansen et al. 83 1970; Hermansen and Saltin 1969; Jacobs and Sjodin 1985; Koyal et al. 1976; Miles et al. 1980; 84 Miyamura and Honda 1972; Sharma et al. 2015) . In each of these studies, however, measured 85 parameters were compared between modalities at equivalent submaximal levels of V O 2 , 86 expressed either in L . min -1 , mL . kg -1. min -1 or as a percentage of V O 2max . As such, the true impact 87 of test modality on exercise physiological and perceptual responses is difficult to interpret from 88 these earlier studies in as much as the protocols were not matched for increments in external 89 work rate, which is the proximate source of increased skeletal (locomotor) muscle metabolic and 90 contractile demands. Encore TM cardiopulmonary exercise testing system; and consisted of a baseline resting period of 148 ≥6-min (while seated on the cycle ergometer and while standing on the treadmill) followed by 149 25-watt increases in work rate (starting at 25 watts) every 2-min to the point of symptom-150 limitation. The treadmill protocol was individualized for each participant based on their body 151 mass using the formula (Jones 1997): Work rate (watts) = m * g * v * sin (α) , where m is the 152 body mass of the participant in kg, g is the gravitational acceleration (9.81 m . s -1 ), v is the velocity 153 of the treadmill in m . s -1 , and α is the angle of inclination. The grade started at 5% and was
154
increased by 1% every 2-min, with the increments in treadmill speed required to achieve the 25-155
watt
. 2-min -1 increase in work rate determined using the formula. Participants remained seated 156 and maintained a pedaling cadence of 50-100 rev . min -1 during cycle testing; and were not 157 allowed to grasp the handrails during treadmill testing. 158
Standard respiratory and gas exchange parameters were collected breath-by-breath at rest 159 and during exercise while participants breathed through a mouthpiece and low-resistance flow 160 transducer with nasal passages occluded by a nose clip. Heart rate was monitored continuously 161 using a Polar ® heart rate monitor (Lachine, QC, Canada). Inspiratory capacity (IC) maneuvers 162 were performed at rest, within the last 30-s of every 2-min stage during exercise, and at end 163 exercise. Assuming that total lung capacity does not change during exercise (Stubbing et al. 164 1980) , changes in IC and IRV (calculated as the difference between IC and the simultaneously 165 determined V T ) reflect changes in dynamic end-expiratory and end-inspiratory lung volume, 166
respectively.
D r a f t
Using Borg's 0-10 category-ratio scale (Borg 1982) , participants provided ratings to the 168 following questions at rest, within the last 30-s of every 2-min stage during exercise, and at end-169 exercise: How intense is your sensation of breathing overall? How unpleasant or distressed does 170 your breathing make you feel? How intense is your sensation of leg discomfort? Breathing 171 overall (hereafter referred to as dyspnea) was defined as "the global awareness of your 172 breathing," which is consistent with the American Thoracic Society's most recent 173 recommendation that "…the definition of dyspnea should be neutral with respect to any 174 particular quality" of breathing (Parshall et al. 2012 ). Prior to each exercise test, participants 175
were familiarized with the Borg scale and its endpoints were anchored such that "0" represented 176 "no intensity (unpleasantness) at all" and "10" represented "the most severe intensity 177 (unpleasantness) you have ever experienced or could ever imagine experiencing." At end-178 exercise, participants verbalized their main reason(s) for stopping exercise (dyspnea, leg 179 discomfort, combination of dyspnea and leg discomfort, other); quantified the percentage 180 contribution of dyspnea and leg discomfort to exercise cessation; and identified qualitative 181 phrases that best described their breathing at end-exercise (O'Donnell et al. 2000) . were used to examine the effect of exercise mode on 1) measured parameters at T vent and 2) the 218 percentage contribution of dyspnea and leg discomfort to exercise cessation. Reasons for 219 stopping exercise and qualitative descriptors of dyspnea were assessed using frequency statistics. 220
Significance was set at p≤0.05 and data are presented as mean ± SEM. 221
222

RESULTS
223
Participant characteristics. Participants included 15 healthy, young (22.5 ± 0.4 yrs), non-obese 224 (BMI = 23.8 ± 0.5 kg . m -2 ) men with normal spirometry (FEV 1 = 107 ± 3% predicted; FEV 1 /FVC 225 = 83 ± 2%) and normal-to-above normal levels of cardiorespiratory: peak V O 2 on incremental 226 cycle and treadmill exercise testing of 118 ± 5 and 135 ± 4% predicted, respectively. 227
228
Responses to cycle and treadmill exercise. Exercise mode had no effect on EET (cycle, 21.6 ± 229 0.8 vs. treadmill, 21.4 ± 0.9 min, p>0.05) or the work rate achieved at peak exercise (cycle, 280 230 ± 10 vs. treadmill, 279 ± 11 watts, p>0.05). 231 Cardiometabolic and gas exchange responses. At the symptom-limited peak of treadmill 232 vs. cycle testing, V O 2 , V CO 2 , HR, O 2 pulse and P ET CO 2 were higher, whereas RER, V E /V O 2 and 233 P ET O 2 were lower (Table 1, Fig. 1) . 234
As illustrated in Fig. 1 
2). 245
As illustrated in Fig. 2 , mean values of V E were higher at all standardized submaximal 246 work rates ≥75 watts (including T vent ) during treadmill vs. cycle exercise testing; for example, by 247 17.4 ± 5.6 L . min -1 or 21 ± 7% at iso-work (Table 1 , Fig. 2 ). The relatively greater V E response to 248 treadmill vs. cycle exercise was associated with the adoption of a more rapid and shallow 249 breathing pattern (Fig. 2) . Operating lung volumes were not different between modalities at any 250 standardized submaximal work rate and at peak exercise (Fig. 2) . The relationship between 251 exercise-induced changes in IC and V E was also similar between modalities (Fig. 2) . In contrast, 252 there was a rightward shift of the IRV-V E relationship during treadmill vs. cycle exercise (Fig.  253 2), such that mean values of V E were higher at any IRV during submaximal treadmill vs. cycle 254 Fig. 3 ). 261
As illustrated in Fig. 3 , Pes,tidal was higher during treadmill vs. cycle testing at 262 standardized submaximal work rates ≥125 watts (Fig. 3) . Similarly, Pdi,tidal was higher at iso-263 work, while Pga,peak was higher at 175 watts and at iso-work during treadmill vs. cycle testing 264 (Fig. 3) . By contrast, EMGdi,rms%max was not significantly different at any submaximal work 265 rate during treadmill vs. cycle exercise (Fig. 3) . 266
Symptom responses. A higher percentage (60% vs. 27%) of our participants identified 267 intolerable leg discomfort as the main reason for stopping cycle vs. treadmill exercise. The 268 relative contribution of intolerable leg discomfort to exercise cessation was also higher at the end 269 of cycle vs. treadmill testing (67.9 ± 6.6% vs. 43.4 ± 7.7%, p=0.023). The majority of 270 participants self-selected descriptor phrases alluding to a heightened sense of 'work/effort of 271 breathing' and of 'rapid breathing' at the peak of both treadmill and cycle testing; for example, 272 'Breathing in requires effort' (cycle, 71% vs. treadmill, 64%), 'My breathing is heavy' (cycle, 273 79% vs. treadmill, 93%), 'My breathing requires more work' (cycle, 71% vs. treadmill, 93%) 274
and 'I feel that my breathing is rapid ' (cycle, 85% vs. treadmill, 93%) . 275
Intensity ratings of leg discomfort were higher at iso-work and at peak exercise during 276 cycle vs. treadmill testing (by 0.9 ± 0.5 and 1.2 ± 0.6 Borg 0-10 scale units, respectively) ( Table  277 1, Fig. 4 ). As illustrated in Fig. 4 , the relationship between increasing intensity ratings of leg 278 discomfort and increasing V O 2 was displaced to the right during treadmill vs. cycle exercise. 279 D r a f t dyspnea intensity-V E relationship (Fig. 4) . By contrast, the relationship between exercise-283 induced changes in dyspnea intensity ratings and each of EMGdi,rms%max and IRV were 284 relatively superimposed during treadmill and cycle ergometry (Fig. 4) . A similar influence of 285 exercise mode was observed on the relationship exercise-induced changes in dyspnea 286 unpleasantness ratings and each of V E , EMGdi,rms%max and IRV (data not shown). 287
288
DISCUSSION 289
The main findings of this study are that, despite significant between-test differences in V O 2 , 290 V CO 2 , RER, HR, O 2 pulse, V E , f R , and inspiratory and expiratory muscle pressures, detailed 291 assessments of ventilatory efficiency and gas exchange (V E /V O 2 , V E /V CO 2 , P ET O 2 , P ET CO 2 ), 292 dynamic operating lung volumes (IC, IRV), neural inspiratory drive (EMGdi,rms%max), and 293 exertional symptoms (dyspnea, leg discomfort) were similar at all or most submaximal work 294 rates during incremental treadmill vs. cycle exercise testing. 295
The men in our study exerted maximal (or near maximal) effort during incremental cycle 296 and treadmill exercise testing as indicated by symptom-limited peak respiratory exchange ratio, 297 heart rate and symptom intensity values/ratings that were, on average, ≥1.06, >95% predicted 298 (cycle, 96.3 ± 1.2%; treadmill, 99.2 ± 1.3%) and ~7-9 Borg 0-10 scale units, respectively. 299
Consistent with previous reports (Duke et al. 2014; Faulkner et al. 1971; Hermansen et al. 1970; 300 Hermansen and Saltin 1969; Matsui et al. 1978; Miles et al. 1980; Miyamura and Honda 1972; 301 Porszasz et al. 2003; Tanner et al. 2014 ), V O 2 was higher at T vent (by 23%) and at the peak of 302 treadmill vs. cycle exercise testing (by 12%), even though work rate was not different between 303 modalities at either measurement time. As previously discussed, these differences likely reflect 304 1) recruitment of a relatively larger skeletal muscle mass, with attainment of a higher maximalD r a f t cardiac output, stroke volume, arteriovenous O 2 difference, leg muscle blood flow and total 306 vascular conductance during treadmill running (Hermansen et al. 1970; Hermansen and Saltin 307 1969; Matsui et al. 1978; Miyamura and Honda 1972; Niederberger et al. 1974) ; 2) higher fat 308 and lower carbohydrate oxidation rates during submaximal and maximal treadmill running vs. 309 cycling (Achten et al. 2003; Cheneviere et al. 2010 ); 3) higher oxidative relative to glycolytic 310 enzyme activity in skeletal muscles predominantly used in running vs. those predominantly used 311 in cycling (Jacobs and Sjodin 1985); and 4) less rapid rate of development of metabolic acidosis 312 during treadmill vs. cycle ergometry (Koyal et al. 1976; Okita et al. 1998 ). Indeed, RER was 313 lower, while V CO 2, HR and the O 2 pulse (a surrogate measure of stroke volume (Bhambhani et 314 al. 1994) ) were higher during treadmill vs. cycle ergometry at T vent , iso-work and at peak 315
exercise. 316
It is clear from Fig. 1 that cardiometabolic responses were higher during incremental 317 treadmill vs. cycle exercise at most standardized submaximal work rates. These findings, which 318 substantiate the results of Porszasz et al. (2003) in health and Ciavaglia et al. (2014a; 2014b) in 319 COPD, suggest that treadmill walking/running is less metabolically efficient than stationary 320 cycling. Muscles of the upper body (e.g., arms, shoulders) and trunk (e.g., rectus abdominis) are 321 presumably more active during treadmill vs. cycle exercise. Although activation of these muscle 322 groups cost metabolic energy, they do not contribute to the production of external mechanical 323 power during treadmill walking/running. It follows that, in our study, the widening disparity 324 between work rate and each of V O 2, V CO 2 , HR and the O 2 pulse during treadmill vs. cycle 325 exercise may reflect, at least in part, relatively greater metabolic activity of the upper body 326 and/or trunk muscles as work rate increased during treadmill exercise.
D r a f t
Exercise-induced increases in V E are tightly coupled to V CO 2 (Haouzi 2006). In our 328 study, neither V E nor V CO 2 was significantly different between modalities at standardized work 329 rates below T vent . By contrast, V E and V CO 2 were significantly and proportionately higher 330 during treadmill vs. cycle exercise at T vent and at submaximal work rates above T vent . Under 331 these circumstances, neither V E /V CO 2 nor P ET CO 2 was significantly different at any submaximal 332 work rate across modalities. Thus, ventilatory efficiency was similar during treadmill vs. cycle 333 exercise testing when the protocols were matched for increments in work rate. 334
In keeping with the results of Kalsas and Thorsen (2009) and Elliott and Grace (2010) , 335 the greater V · E observed during treadmill vs. cycle exercise at T vent and at submaximal work rates 336 above T vent was the result of a greater f R with no difference in V T . As such, f R was higher, while 337 V T was lower at any V E throughout much of treadmill vs. cycle exercise. Despite significant 338 differences in the V E -work rate relationship during treadmill vs. cycle ergometry, exercise mode 339 had no effect on the relationship between IC and each of work rate and V E . Under these 340 circumstances, adoption of a more rapid and shallow breathing pattern during treadmill vs. cycle 341 exercise likely helped to preserve the IRV-work rate relationship between modalities. 342
Our study is the first to examine the effect of exercise mode on neural inspiratory drive 343 and respiratory muscle pressure (effort) requirements in health. The higher demand for V E 344 during treadmill vs. cycle exercise at submaximal work rates above T vent was supported by 345 greater Pes,tidal, Pdi,tidal and Pga,peak. Despite differences in V E and respiratory muscle 346 pressures between modalities, EMGdi,rms%max was not different at any submaximal work rate 347 during treadmill vs. cycle exercise. By adopting a more rapid and shallow breathing pattern, our 348 participants maintained a larger IRV (by ~200-300 mL) for any given V · E throughout the majority 349 of treadmill vs. cycle exercise. We speculate that maintenance of a larger dynamic IRV wasD r a f t associated with less elastic loading and functional weakening of the inspiratory pump muscles 351 (e.g., diaphragm) for any given V E during treadmill testing. We further speculate that, for these 352 reasons, exercise mode had no effect on EMGdi,rms%max-work rate relationships. A study of 20 healthy young adults by Sharma et al. (2015) recently reported that 1) 364 intensity ratings of leg fatigue and dyspnea were not different during treadmill vs. cycle exercise 365 at any standardized submaximal V O 2 ranging from 1.0 to 2.5 L . min -1 ; and 2) exercise mode had 366 no effect dyspnea intensity-V E relationships. In our study, intensity ratings of leg discomfort 367 were similar between modalities up to 175 watts, but became greater at iso-work and at the peak 368 of cycle vs. treadmill exercise. Moreover, the relative contribution of intolerable leg discomfort 369 to exercise cessation was higher at the peak of cycle vs. treadmill testing. It follows that a higher 370 percentage of our participants stopped cycle vs. treadmill exercise because of intolerable leg 371 discomfort. We speculate that these differences reflect the sensory consequences associated with 372 relatively greater neural activation of the lower limbs needed to produce equivalent externalD r a f t work rates near the limits of tolerance during cycle vs. treadmill testing. Indeed, Bijker et al. 374 (2002) found that the magnitude of the increase in vastus lateralis EMG and biceps femoris EMG 375 needed to support any given increase in work rate was much greater during cycling compared to 376 running in a group of 11 healthy young adults. 377
In contrast to Sharma et al. (2015) , we observed a rightward shift of the leg discomfort-378 V O 2 relationship during treadmill vs. cycle ergometry; that is, intensity ratings of leg discomfort 379
were much lower at any standardized V O 2 during treadmill vs. cycle testing (e.g., by ~3 Borg 0-380 10 scale units at a V O 2 of 50 mL . kg -1. min -1 ). These differences may reflect the development of a 381 more severe metabolic acidosis for any given V O 2 during cycle ergometry (Koyal et al. 1976; 382 Okita et al. 1998 ) and/or progressively greater activation of the upper body and trunk muscles 383 that do not contribute to the production of external mechanical power (and, by extension, the 384 perception of leg discomfort), but nevertheless cost metabolic energy during treadmill running. 385
Despite the aforementioned differences in V E and respiratory muscle pressure responses 386 between the two modalities, Borg 0-10 scale intensity (and unpleasantness) ratings of dyspnea 387 were identical at submaximal work rates and at peak exercise during treadmill vs. cycle testing. 388
Consequently, and in contrast to the results of Sharma et al. (2015) , dyspnea intensity (and 389 unpleasantness)-V E relationships were shifted to the right throughout the majority treadmill vs. 390 cycle exercise testing. Accumulating evidence suggests that neural inspiratory drive (and the 391 attendant 'central corollary discharge') is the proximate source of exertional dyspnea in health 392 the EMGdi,rms%max-work rate relationship during treadmill vs. cycle testing in our study wasD r a f t relationship, despite significant differences in V E and contractile respiratory muscle pressure 397 (effort) requirements. Indeed, exercise mode had no effect on dyspnea intensity (and 398
unpleasantness)-EMGdi,rms%max relationships. 399
It is possible that the observed rightward shift of the dyspnea intensity (and 400 unpleasantness)-V E relationship during treadmill vs. cycle exercise may also reflect, at least in 401 part, temporal desensitization to the sensory consequences of increased V E and contractile 402 respiratory muscle effort requirements during a form of exercise (walking/running) that was 403 more familiar to and/or preferred by our participants. This hypothesis is bolstered by the results 404 curvilinear increases in speed, which is in contrast to previous studies that utilized linear 412 increases in speed and curvilinear increases in grade (Ciavaglia et al. 2014a; Ciavaglia et al. 413 2014b; Porszasz et al. 2003) . Despite these differences, all studies reported 1) a linear V O 2 -work 414 rate relationship during treadmill testing and 2) that the V O 2 -work rate slope was higher during 415 treadmill vs. cycle exercise. 416
Our participants were healthy, young, non-obese men with normal-to-above normal 417 levels of cardiorespiratory fitness. As such, our results may not be generalizable to elderly men 418 D r a f t and women; obese men and women; physically inactive/deconditioned men and women; patients 419 with chronic cardiorespiratory and/or neuromuscular disease; or any combination thereof. 420
Training specificity may influence comparisons of the physiological response to treadmill 421 vs. cycle exercise. For example, Verstappen et al. (1982) found that maximal V O 2 values were 422 14% higher during treadmill vs. cycle ergometry in runners, but not significantly different 423 between modalities in cyclists. Although detailed assessments of training history were not 424 recorded in our study, all of our participants were recreationally active and none were known to 425 be training for participation in any competitive athletic event(s) and/or involved in bicycling as a 426 sport or common form of recreation. Nevertheless, we cannot rule out the possibility that 427 unmeasured differences in our participants' training histories may have influenced our results. 428
In our study, stride frequency during treadmill testing and pedal cadence during cycle 429 testing were not matched within-or between-subjects. Thus, maintenance of a relatively higher 430 stride frequency vs. pedal cadence may have contributed to differences in the f R -work rate 431 relationship during treadmill vs. cycle exercise (Caretti et al. 1992) . 432 433 Summary and implications. In summary: 1) cardiometabolic, ventilation and respiratory 434 muscle pressure (effort) responses were consistently higher at standardized submaximal work
D r a f t Exercise responses to treadmill vs. cycle ergometry
Page  20 optimal (mode-specific) training intensity determination. Alternatively, the lack of effect of 442 exercise mode on peak work rate in our study advocates for the use of this readily available 443 parameter to determine optimal training intensity, regardless of exercise training mode. 444
In terms of evaluating an individuals' occupational readiness, our finding of a higher 445 peak V O 2 on treadmill vs. cycle exercise testing may lead to the identification of occupational 446 tasks with higher metabolic equivalents and that may be unsafe for some adults. By contrast, our 447 finding of a lower peak V O 2 on cycle vs. treadmill exercise testing may lead to the identification 448 of occupational tasks with metabolic equivalents deemed as "safe" but below the physical 449 requirements of a particular position of employment. 450 (cmH2O) 5.2 ± 0.5 5.2 ± 0.5 11.2 ± 0.9 12.6 ± 1.0 28.6 ± 2.0 32.8 ± 1.3* 40.0 ± 2.9 37.6 ± 1.5 Peak inspiratory Pes (cmH2O) -11.4 ± 1.0 -10.1 ± 0.9 -14.7 ± 1.2 -13.1 ± 1.4 -25.7 ± 1.8 -23.9 ± 1.3 -29.8 ± 1.8 -24.7 ± 1.3* Peak expiratory Pes (cmH2O) -6.2 ± 0.6 -4.9 ± 0.6 -3.4 ± 0.7 -0. 
